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Superluminal light propagation via quantum interference in decay channels
R. Arun
Department of Physics, School of Basic & Applied Sciences,
Central University of Tamilnadu, Thiruvarur 610101, Tamilnadu, India.∗
We examine the propagation of a weak probe light through a coherently driven Y -type system.
Under the condition that the excited atomic levels decay via same vacuum modes, the effects of
quantum interference in decay channels are considered. It is found that the interference in decay
channels results in a lossless anomalous dispersion between two gain peaks. We demonstrate that
the probe pulse propagation can in principle be switched from subluminal to superluminal due to
the decay-induced interference. We also show that the system exhibits a high index of refraction
with negligible absorption for the driving fields. A dressed-state picture of the atom-light interaction
is described to explain the numerical results.
I. INTRODUCTION
The study of subluminal and superluminal light prop-
agation has been receiving a great deal of attention dur-
ing the last couple of decades. This is mainly due to
a number of impressive experiments that demonstrated
both slow [1–8] and fast light propagation [9] in disper-
sive media. Most studies of light propagation employ
the standard electromagnetically induced transparency
(EIT) setup to control the group velocity of light pulses
[1–6]. In these schemes, the absorption of light is very low
while the dispersion has a steep positive slope leading to
low values of the group velocity. The reduction of group
velocity (vg < c) to less than the vacuum speed of light
(subluminal light propagation) has been demonstrated
both in atomic vapor [1–5] and solid state materials [6, 7].
In the extreme case of ultraslow light propagation, light
pulses can also be stopped (vg = 0) [10–12] and stored
as demonstrated in many experiments [8]. On the other
hand, a light pulse can also travel with a group velocity
exceeding the vacuum speed of light (vg > c) or even neg-
ative (vg < 0). Such propagation of light pulses, termed
as superluminal light propagation, occurs in anomalous
dispersion media. It was pointed out that superlumi-
nal light propagation is not in conflict with causality or
special relativity [13] but a consequence of wave inter-
ference phenomena [14]. The early work of Steinberg
and Chiao suggested that an anomalous dispersion hav-
ing a steep negative slope can appear between two closely
spaced gain lines [15]. Based on the work of Steinberg
and Chiao [15], Wang et al. reported the first experi-
mental demonstration of superluminal pulse propagation
using the transparent anomalous dispersion in a Raman
gain doublet [9]. There are also parallel developments
in achieving both subluminal and superluminal light in
atomic vapor [16] and solid systems [17]. In addition,
some theoretical works showed the possibility of switch-
ing light propagation from subluminal to superluminal
[18–21]. Agarwal et al. demonstrated that the disper-
sion in Λ systems can be manipulated by using an ad-
ditional field coupling the metastable ground states [18].
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Mahmoudi et al. explained how the use of incoherent
pump fields can influence the dispersion characteristics
of the system [19]. The group velocity control has been
shown to be possible due to interaction of the atomic
system with squeezed vacuum reservoirs [20]. Further,
Bortman-Arbiv et al. reported that the relative phase
between driving fields can control the dispersion in V
systems [21].
In this paper, we exploit the fact that decay processes
can alter the absorption/dispersion of light propagation
in a medium as a result of quantum interference in spon-
taneous decay channels. The interference occurs when
two or more atomic transitions sharing common vacuum
modes lead to a spontaneous emission of identical pho-
tons. An important result of such decay-induced interfer-
ence is the generation of a coherence between the excited
atomic states that are decaying to the common ground
state [22]. A variety of interesting features arising from
the coupling of atomic transitions due to decay-induced
interference has been reported [21–35]. Examples include
phase control of group velocity [21], population trapping
[22], fluorescence quenching [23], dark lines in emission
spectrum [24], spontaneous emission cancellation [25],
ultranarrow spectral lines in fluorescence [26], delayed
formation of trapping state [27], gain in Autler-Townes
doublet [28], phase control of collective dynamics [29],
control of group velocity with squeezed reservoir [30], en-
hancement of two-photon absorption [31], splitting of res-
onances [32], enhancement of self-Kerr nonlinearity [33],
soliton formation [34], and enhanced spectral squeezing
in fluorescence [35], etc.
Our model system for realizing quantum interference in
spontaneous emissions is shown schematically in Fig. 1.
This model has been extensively investigated in different
contexts [31–35]. The atom has a Y-type configuration in
which two near-degenerate excited states decay via com-
mon vacuum modes to the middle state. The atom in the
middle state can further undergo spontaneous transitions
to the ground state. The cascade decays |1〉 → |3〉 → |4〉
and |2〉 → |3〉 → |4〉 of the excited atom give rise to an
emission of identical pair of photons and hence quantum
interference exists in emission pathways. We investigate
the role of the quantum interference in decay channels on
2FIG. 1: (a) The level scheme of a Y -type four-level atom
driven by pump and probe fields. (b) The arrangement of
field polarisations with respect to the atomic dipole moments.
The pump and probe fields each act on only one transition.
the pump-probe spectroscopy of the system. We show
that the quantum interference manifests itself as gain
doublet in the absorption spectrum with an anomalous
dispersion between the gain peaks.
The paper is arranged as follows. In Sec. II, we
present the atomic model and its basic dynamical equa-
tions describing the interaction of the atom with probe
and pump fields. The effects of decay-induced interfer-
ence on the absorption/dispersion of the probe field are
then discussed in Sec. III. We show the possibility of
gain features in the probe absorption spectrum as well
as switching from normal to anomalous behavior in the
probe dispersion profile. In Sec. IV, we develop an anal-
ysis using dressed states which explains the gain features
in the probe absorption spectrum. Section V is devoted
to discuss the possibility of population trapping in the
dressed states and its effect on the dispersion of the pump
fields.
II. ATOMIC MODEL AND BASIC EQUATIONS
A four-level atom in the Y -type configuration is shown
schematically in Fig. 1(a). The atom has two near-
degenerate excited states |1〉 and |2〉 which decay sponta-
neously via same vacuum modes to the middle state |3〉
with rates 2γ1 and 2γ2, respectively. A spontaneous emis-
sion from the state |3〉 (decay rate 2γ3) leaves the atom in
its ground state |4〉. It is assumed that direct transitions
between the excited and ground states (|1〉, |2〉 ↔ |4〉)
as well as between the excited states (|1〉 ↔ |2〉) are
dipole forbidden. We consider a situation in which pump
and probe fields act on different transitions in the atom.
The transition |2〉 ↔ |3〉 of frequency ω23 is driven by a
pump field (amplitude E2, phase φ2) of Rabi frequency
2Ω2 = 2~d23. ~E2/~. The transition |3〉 ↔ |4〉 of frequency
ω34 is driven by a pump field (amplitude E3, phase φ3) of
Rabi frequency 2Ω3 = 2~d34. ~E3/~. A probe field (ampli-
tude E1, phase φ1) of Rabi frequency 2Ω1 = 2~d13. ~E1/~
is set to act on the transition |1〉 ↔ |3〉 of frequency
ω13. Here ~dij is the electric transition dipole moments
(assumed to be real) between states |i〉 and |j〉. We as-
sume that the transition dipole moments ~d13 and ~d23 are
at an angle θ, θ 6= 0, for the pump (~d13. ~E2 = 0) and
probe (~d23. ~E1 = 0) fields to act on only one transition as
shown in Fig. 1(b). The Hamiltonian for this system in
the dipole and rotating wave approximations will be
H = ~ω14A11 + ~ω24A22 + ~ω34A33
− ~(Ω1A13e−i(ω1t−φ1) +Ω2A23e−i(ω2t−φ2) +H.c.)
− ~(Ω3A34e−i(ω3t−φ3) +H.c.), (1)
where the zero of energy is defined at the ground state
|4〉 and ~ωmn is the energy difference between the states
|m〉 and |n〉. The operators Amn = |m〉〈n| represents the
atomic population operators for m = n and transition
operators m 6= n.
We use the master equation framework to study the
dynamics of the system. In the Schro¨dinger picture, the
evolution of the density operator ρ˜ of the atom obeys
dρ˜
dt
=
1
i~
[H, ρ˜] + Lρ˜, (2)
where the Liouvillian operator Lρ˜ describes the damping
terms due to spontaneous emission. It is convenient to
use an interaction picture defined by the unitary trans-
formation
U = exp {[i(ω2t− φ2) + i(ω3t− φ3)]A11
+ [i(ω2t− φ2) + i(ω3t− φ3)]A22
+[i(ω3t− φ3)]A33} .
In the interaction picture, the master equation for the
reduced density operator ρ = Uρ˜U † of the atom takes
the form
dρ
dt
=
1
i~
[HI , ρ] + Lρ, (3)
where the Hamiltonian in the interaction picture is
HI = ~(W12 −∆2 −∆3)A11 − ~(∆2 +∆3)A22
− ~∆3A33 − ~(Ω1A13e−i(δt−Φ) +Ω1A31ei(δt−Φ))
− ~(Ω2A23 +Ω2A32)− ~(Ω3A34 +Ω3A43), (4)
and the damping term is
Lρ = −γ1(A11ρ− 2A31ρA13 + ρA11)
−γ2(A22ρ− 2A32ρA23 + ρA22)
−γ12(A21ρ− 2A31ρA23 + ρA21)
−γ12(A12ρ− 2A32ρA13 + ρA12)
−γ3(A33ρ− 2A43ρA34 + ρA33). (5)
In Eq. (4), ∆2 = ω2−ω23 (∆3 = ω3−ω34) corresponds to
the detuning of the field acting on |2〉 ↔ |3〉 (|3〉 ↔ |4〉)
transition, δ = ω1 − ω2 (Φ = φ1 − φ2) gives the fre-
quency (phase) difference of the probe and pump fields,
3and ~W12 is the energy separation between the excited
atomic states. The cross-damping terms γ12 in Eq. (5)
arise from the quantum interference in decay channels
|1〉 → |3〉 and |2〉 → |3〉. Here γ12 = √γ1γ2 cos(θ) is
referred to as interference parameter, which depends on
the alignment (θ) of the transition dipole moments ~d13
and ~d23.
The master equation (3), when written in the atomic
state basis, yields the following equations for the density
matrix elements:
ρ˙11 =− 2γ1ρ11 − γ12(ρ12 + ρ21) + iΩ1e−i(δt−Φ)ρ31
− iΩ1ei(δt−Φ)ρ13, (6)
ρ˙22 =− 2γ2ρ22 − γ12(ρ12 + ρ21) + iΩ2(ρ32 − ρ23), (7)
ρ˙33 = 2γ1ρ11 + 2γ2ρ22 − 2γ3ρ33 + 2γ12(ρ12 + ρ21)
+ iΩ1e
i(δt−Φ)ρ13 − iΩ1e−i(δt−Φ)ρ31
+ iΩ2(ρ23 − ρ32) + iΩ3(ρ43 − ρ34), (8)
ρ˙12 =− (γ1 + γ2 + iW12)ρ12 − γ12(ρ11 + ρ22)
+ iΩ1e
−i(δt−Φ)ρ32 − iΩ2ρ13, (9)
ρ˙13 =− [γ1 + γ3 + i(W12 −∆2)]ρ13 − γ12ρ23 (10)
+ iΩ1e
−i(δt−Φ)(ρ33 − ρ11)− iΩ2ρ12 − iΩ3ρ14,
ρ˙23 =− (γ2 + γ3 − i∆2)ρ23 − γ12ρ13 − iΩ1e−i(δt−Φ)ρ21
+ iΩ2(ρ33 − ρ22)− iΩ3ρ24, (11)
ρ˙34 =− (γ3 − i∆3)ρ34 + iΩ1ei(δt−Φ)ρ14 + iΩ2ρ24
+ iΩ3(ρ44 − ρ33), (12)
ρ˙14 =− [γ1 + i(W12 −∆2 −∆3)]ρ14 − γ12ρ24
+ iΩ1e
−i(δt−Φ)ρ34 − iΩ3ρ13, (13)
ρ˙24 =− [γ2 − i(∆2 +∆3)]ρ24 − γ12ρ14 + iΩ2ρ34
− iΩ3ρ23. (14)
As seen in Eqs. (6)-(14), the excited state popula-
tions (ρ11, ρ22) and the coherences (ρ12, ρ21) are coupled
through the interference parameter γ12. Physically, this
corresponds to the fact that the population can be trans-
ferred between the excited atomic states due to spon-
taneous emission from these states. The spontaneous
emission along one transition can drive its neighboring
transition because of the common vacuum modes. If the
dipole moments (~d13, ~d23) are nearly parallel (θ ≈ 0),
then γ12 ≈ √γ1γ2 and the interference effects are max-
imal, whereas there is no decay-induced interference if
the dipole moments are perpendicular (θ = 90◦) with
γ12 = 0.
III. CALCULATION OF THE SUSCEPTIBILITY
AND GROUP VELOCITY
In the following we shall calculate the susceptibility
for the probe field in the linear regime assuming that the
probe field is weak enough (Ω2,Ω3 ≫ Ω1 ≪ γ1, γ2, γ3).
The susceptibility of the medium depends on the atomic
response to the probe field through the coherence term
(ρ13) of the density matrix. To calculate the density ma-
trix elements, we rewrite the equations (6)-(14) in a com-
pact form as
d
dt
Rˆ +Σ =MRˆ, (15)
where Rˆ is a column vector containing the density matrix
elements
Rˆ = (ρ11, ρ22, ρ33, ρ12, ρ13, ρ23, ρ14, ρ24,
×ρ34, ρ21, ρ31, ρ32, ρ41, ρ42, ρ43)T , (16)
and the inhomogeneous term Σ is also a column vec-
tor with non-zero components Σ9 = −iΩ3 and Σ15 =
iΩ3. This term arises because we have eliminated the
ground-state population ρ44 by using the trace condition
ρ11+ρ22+ρ33+ρ44 = 1. In Eq. (15),M is a 15×15 matrix
independent of the density matrix elements and contains
time-independent as well as time-dependent terms. The
components of M can be obtained explicitly using Eqs.
(6)-(14) and separated into terms with different time de-
pendencies,
M =M0 +Ω1M1e
−i(δt−Φ) +Ω1M−1e
i(δt−Φ), (17)
where the matrices M0 and M±1 have time-independent
elements. Since the time dependence of M is periodic,
the solution to Eq.(15) can be obtained using Floquet
theorem. The solution Rˆ can be expanded into terms
oscillating at harmonics of the detuning δ:
Rˆ = Rˆ0 +Ω1Rˆ
+e−i(δt−Φ) +Ω1Rˆ
−ei(δt−Φ) +O(Ω21) + ...
(18)
In the weak probe field approximation, the terms of order
Ω21 or more will be neglected in the Floquet expansion
(18). Thus, on combining Eqs. (15)-(18), the steady-
state solutions for Rˆ0 and Rˆ± can be obtained as [36]
Rˆ0 = M−10 Σ,
Rˆ+ = −(M0 + iδ)−1M1Rˆ0, (19)
Rˆ− = −(M0 − iδ)−1M−1Rˆ0.
The susceptibility of the medium is related to the 5th
component (the coherence ρ13) of Rˆ which oscillates in
phase with the probe field. It is given by [37]
χ =
N |~d13|2
ǫo~
[Rˆ+]5, (20)
where N is the number density of atoms in the medium.
The real [Re(χ)] and imaginary [Im(χ)] parts of the
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FIG. 2: Real (solid curve) and imaginary (dashed curve) parts
of the susceptibility as a function of the probe detuning ∆1
for the parameters γ2 = 1, γ1 = γ3 = 0.01, ∆2 = ∆3 = 0,
Ω2 = Ω3 = 4/
√
2, W12 = −
√
Ω22 + Ω
2
3, and (a) θ = 90
◦ and
(b) θ = 15◦.
susceptibility corresponds to the dispersion and absorp-
tion of the probe beam, respectively. In our notation,
if Im(χ) > 0, the probe field is absorbed, whereas
Im(χ) < 0 corresponds to the probe gain (amplification).
Note that the steady-state solutions of the density matrix
elements (19) and the susceptibility (20) are independent
of the relative phase (Φ) of the probe and pump fields.
This feature is expected for a weak probe field consis-
tent with the results in earlier publications [12, 27, 36].
The susceptibility (20) gives the absorption/dispersion
characteristics of a continuous-wave (CW) probe light.
However, if the probe field is a pulse acting on the tran-
sition |1〉 ↔ |3〉, the relevant quantity of interest is the
group velocity of the pulse. The group velocity of the
probe pulse is related to the susceptibility (20) for the
|1〉 ↔ |3〉 transition:
vg =
c
1 + (ω1/2)(∂Reχ(ω1)/∂ω1)
. (21)
Clearly, the slope of the dispersion (∂Reχ(ω1)/∂ω1) at
the central frequency ω1 of the pulse decides the nature
of pulse propagation. When the slope of the dispersion is
positive, then vg < c, indicating subluminal pulse propa-
gation. On the other hand, if the slope of the dispersion
is negative, then vg > c or vg < 0 and the pulse propa-
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FIG. 3: Real (solid curve) and imaginary (dashed curve) parts
of the susceptibility as a function of the probe detuning ∆1
for the parameters γ2 = 1, γ1 = γ3 = 0.01, ∆2 = ∆3 = 0,
Ω2 = Ω3 = 0.75/
√
2, W12 = −
√
Ω22 +Ω
2
3, and θ = 15
◦.
gation is in the superluminal region.
In order to study the probe absorption and dispersion
features, we obtain the steady-state solution of Eq. (15)
numerically using Eq. (19). Both the presence (γ12 6= 0)
and absence (γ12 = 0) of quantum interference in decay
channels are considered in the numerical calculations. In
Fig. 2, the susceptibility is plotted as a function of the
probe detuning ∆1 = ω1 − ω13, which is related to the
probe-pump detuning (δ) by ∆1 = ∆2 + δ −W12. We
use dimensionless quantities by scaling all the frequency
parameters such as decay rates, detunings, and Rabi fre-
quencies in units of γ2. The susceptibility is scaled in
units of N |~d13|2/ǫo~γ2. As seen in Fig. 2(a), the dashed
curve (absorption spectrum) shows the usual Autler-
Townes absorption components at ∆1 = ±
√
Ω22 +Ω
2
3 in
the absence of interference parameter (γ12 = 0). The
dispersion curve (solid curve) in Fig. 2(a) shows a posi-
tive slope (normal dispersion) in the region between the
absorption peaks which implies subluminal pulse propa-
gation for γ12 = 0. The situation changes significantly
when the interference parameter (γ12 6= 0) is included
in the analysis. In Fig. 2(b), we show the probe-field
line profiles for the same parameters of Fig. 2(a) with
γ12 = 0.97
√
γ1γ2 . The dashed curve (absorption spec-
trum) in Fig. 2(b) shows the remarkable result that
the quantum interference in decay channels gives rise
to gain profiles instead of the absorption features. For
zero detunings (∆2 = ∆3 = 0) of the pump fields,
the gain doublet appears only for a parameter choice
W12 = ±
√
Ω22 +Ω
2
3 and γ1, γ3 ≪ γ2. These results are
quite similar to those reported for the pump-probe spec-
troscopy in V systems [28]. In contrast, a new feature
arises in the probe dispersion as shown by the solid curve
in Fig. 2(b). The slope of the dispersion is seen to be
negative (anomalous dispersion) in the region between
the gain peaks, indicating superluminal light propaga-
tion. Thus, one finds that the effect of decay-induced
interference is to switch the light propagation from sub-
luminal to superluminal domain.
Note that the separation 2|W12| = 2
√
Ω22 +Ω
2
3 be-
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FIG. 4: Normalized group velocity [(c/vg) − 1]/K at ∆1 =
0 as a function of the interference parameter p = cos(θ) =
γ12/
√
γ1γ2. The other parameters for the calculation are the
same as in Fig. 3.
tween the gain peaks depend on the Rabi frequencies
Ω2,Ω3 of the pump fields. For a small splitting W12 =
−0.75γ2 of the excited doublet as in Fig. 3, the gain
peaks are closely spaced and the dispersion can have a
large negative slope exhibiting strong superluminal ef-
fects. To show the superluminal effect in a quantitative
way, we rewrite the group velocity (21) using Eq. (20) as
c
vg
= 1 +K
∂Re(γ2[Rˆ
+]5)
∂(γ−12 ω1)
, (22)
where
K =
ω1N |~d13|2
2ǫo~γ22
=
3πNc3γ1
ω21γ
2
2
, (23)
is a dimensionless quantity. In Eq. (23), we have
used, 2γ1 = |~d13|2ω31/3πǫo~c3, the spontaneous decay
rate of the |1〉 ↔ |3〉 transition. An inspection of Eq.
(22) reveals that the slope of the dispersion is equal to
(c/vg)−1 in units of K. Figure 4 displays the normalized
group velocity [(c/vg)− 1]/K, calculated at the line cen-
tre (∆1 = 0), as a function of the interference parameter
p ≡ γ12/√γ1γ2. The graph shows that the slope of the
dispersion decreases monotonically with increasing γ12
and becomes negative after γ12 ≈ 0.8√γ1γ2. The max-
imum negative slope occurs near γ12 =
√
γ1γ2 resulting
in a large superluminality.
We now compare the results of the present study with
that of the three-level V -type atomic system considered
in earlier publications [21, 28]. The four-level Y -type
atom [see Fig. 1(a)] reduces to a three-level V -type atom
if the ground atomic-state |4〉 is omitted. Figure 5 dis-
plays the probe absorption and dispersion spectra of the
V -type atomic system for the same probe and pump-
fields interaction as shown in Fig. 1(b). On comparing
Figs. 2-4 with Fig. 5, it is seen that the dispersion spec-
tra of the V system takes a negative slope in the region
between the gain peaks similar to that of Y -type sys-
tem. However, the negative dispersion is always accom-
panied with gain in the V system and the gain at line
centre (∆1 = 0) becomes large as the separation of the
gain peaks is reduced [compare dashed curves in Figs.
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FIG. 5: (a) The level scheme of a V -type three-level atom
interacting with pump and probe fields. (b) Susceptibility
(χ) versus the probe detuning ∆1 of the V -type atom for
Ω2 = 4γ2. (c) Susceptibility (χ) versus the probe detuning
∆1 of the V -type atom for Ω2 = 2γ2. The solid (dashed) curve
represents the real (imaginary) part of the susceptibility. The
common parameters for (b) and (c) are γ2 = 1, γ1 = 0.01,
∆2 = 0, W12 = −Ω2, and θ = 15◦.
5(b) and 5(c)]. A distinguishing feature of the disper-
sion in the Y -type atomic medium is that the anomalous
dispersion occurs in the lossless (transparent) region be-
tween the gain peaks [see Figs. 2 and 3]. This region
of transparent dispersion with low absorption/gain will
be preferred from an experimental point of view as the
transparency condition minimizes reshaping of the pulse
in propagation [9].
IV. ORIGIN OF GAIN DOUBLET
In this section, we analyze the origin of gain features
in the probe absorption spectrum. To this end, we first
study the effects of the decay-induced interference on the
population distribution in the atomic levels. Since the
probe field is assumed to be very weak, its effect on the
atomic population distribution can be considered negligi-
ble. Thus, we consider the equations (6)-(14) with Ω1 = 0
and solve for the steady-state dynamics of the atom inter-
acting with pump fields alone. The numerical results are
obtained for the populations as a function of the detuning
∆2 while keeping fixed the two-photon resonance condi-
tion ∆2 + ∆3 = 0. In the absence of interference term
(γ12 = 0), there is zero population in the excited atomic
state |1〉 and the atom behaves very much like a three-
level ladder system along the transitions |2〉 ↔ |3〉 ↔ |4〉
as expected. However, the behavior of the atomic system
is quite different when the interference term (γ12 6= 0) is
included as shown in Fig. 6. The numerical results show
that the steady-state population of the state |1〉 reaches
a maximum value at ∆2 = ∆3 = 0. Also seen in Fig.
6 is an unexpected population inversion (ρ¯11 − ρ¯33 ≫ 0)
along the |1〉 ↔ |3〉 transition at zero detunings of the
pump fields. Thus, the origin of gain profiles in Fig. 2(b)
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FIG. 6: (Color online) Steady-state populations ρ¯11(solid
curve), ρ¯22(dashed curve), and ρ¯33(dot-dashed curve) as a
function of the detuning ∆2 under the condition ∆2+∆3 = 0.
The parameters for the calculation are the same as in Fig.
2(b).
can be attributed to the population inversion along the
probe transition.
To explore the reasons for the unexpected population
inversion produced by decay-induced interference, we go
to the dressed-atom description of the atom-field inter-
action. In the dressed-state picture, the atomic states
are obtained by diagonalizing the part of the Hamilto-
nian (4) involving the interaction of the atom with pump
fields only (Ω1 = 0). For simplicity, we consider only the
case of zero detunings of the fields, i.e., ∆2 = ∆3 = 0. In
this case, the Hamiltonian (4) has an eigenstate |d〉 with
eigenvalue zero:
|d〉 = Ω3|2〉 − Ω2|4〉√
Ω22 + Ω
2
3
. (24)
In addition to the state |d〉, the atom has dressed states
with non-zero eigenvalues which are defined as HI |±〉 =
~λ±|±〉. The dressed states |±〉 can be further expanded
in terms of the bare atomic states as
|±〉 = Ω2|2〉 − λ±|3〉+Ω3|4〉√
Ω22 + λ
2
± +Ω
2
3
, (25)
where λ± = ±
√
Ω22 +Ω
2
3. The states |d〉, |±〉 defined in
Eqs. (24) and (25) together with the excited atomic state
|1〉 can be used as basis states for describing the atomic
dynamics.
A clear physical picture for the atomic population dis-
tribution can be obtained if the density matrix equation
(3) is written (with Ω1 = 0) in the dressed-state basis
(24) and (25). We consider a special parameter choice
Ω2 = Ω3 = Ω and W12 = −
√
Ω22 +Ω
2
3 in which case
the state |1〉 is degenerate with the dressed state |−〉. In
the high field limit (Ω2,Ω3 ≫ γ1, γ2, γ3), it is a good
approximation to neglect the coupling of density ma-
trix elements associated with different frequencies in the
dressed-state basis (secular approximation). Under this
approximation, the populations and coherences between
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FIG. 7: Time evolution of atomic populations in the states
ρ11(solid curve), ρ−−(dashed curve), and ρ++(dot-dashed
curve). The parameters for the calculation are the same as
in Fig. 2(b). The population ρdd (not shown) is given by
ρdd = 1− ρ11 − ρ++ − ρ−− due to the trace condition.
dressed states obey equations of the form
ρ˙11 = Γ
11
11ρ11 + Γ
11
++ρ++ + Γ
11
−−ρ−− + Γ
11
ddρdd
+ Γ111−ρ1− + Γ
11
−1ρ−1,
ρ˙++ = Γ
++
11 ρ11 + Γ
++
++ρ++ + Γ
++
−−ρ−− + Γ
++
dd ρdd
+ Γ++1− ρ1− + Γ
++
−1 ρ−1,
ρ˙−− = Γ
−−
11 ρ11 + Γ
−−
++ρ++ + Γ
−−
−−ρ−− + Γ
−−
dd ρdd
+ Γ−−1− ρ1− + Γ
−−
−1 ρ−1, (26)
ρ˙dd = Γ
dd
11ρ11 + Γ
dd
++ρ++ + Γ
dd
−−ρ−− + Γ
dd
ddρdd
+ Γdd1−ρ1− + Γ
dd
−1ρ−1,
ρ˙1− = Γ
1−
11 ρ11 + Γ
1−
++ρ++ + Γ
1−
−−ρ−− + Γ
1−
dd ρdd
+ Γ1−1−ρ1− + Γ
1−
−1ρ−1,
where ρ−1 = ρ
∗
1− = ρ1− is the (real) coherence between
the states |1〉 and |−〉. The transition rates (Γ-terms) in
Eqs. (26) describe the decay as well as population trans-
fers into each dressed state and its explicit expressions
are given in the Appendix. Note that the above equa-
tions differ from the usual rate equations for the popula-
tions because of the coupling between the diagonal and
off-diagonal elements. As seen from the expressions for
the Γ (see Appendix), the coherence ρ1− and the popu-
lations ρ11 and ρ−− are coupled only when the quantum
interference is present (γ12 6= 0). It is thus expected that
such coupling may lead to population trapping in the de-
generate atomic states |1〉 and |−〉 very similar to that
reported earlier in degenerate V systems [22]. However,
the dressed state |−〉 (containing the excited state |2〉)
decays much faster compared to the state |1〉 because
of the assumption γ2 ≫ γ1. Therefore, the population
trapping will occur mainly in the excited atomic state
|1〉 due to decay induced interference. To confirm this,
7a numerical solution is obtained from Eqs. (26) for the
time evolution of the population in states |1〉, |+〉, |−〉,
and |d〉 with the initial condition ρ33(0) = 1. In Fig. 7,
we present the numerical results of the population distri-
bution for the same parameters of Fig. 2(b). It is seen
from the graph that the population in the excited atomic
state |1〉 keeps increasing with time and reaches a max-
imum in the steady state consistent with the result for
ρ11 in Fig. 6.
V. EFFECTS OF POPULATION TRAPPING ON
THE PUMP-FIELD REFRACTION INDEX
We now study the effects of the above population
trapping on the pump-field line profiles. The disper-
sion/absorption of the pump fields E2 and E3 are given
by the real/imaginary parts of ρ23 and ρ34, respectively.
It is well known that a selective population of one of the
dressed states will result in high refractive index with
low absorption for the driving field [38, 39]. In the previ-
ous studies, either adjusting the strength of the pumping
field [38] or the excitation by another field [39] was sug-
gested to create a large population difference between the
dressed states. However, in the present case we show how
decay-induced interference can be used to produce a large
difference of population in the dressed states. We con-
sider the parameter choice ∆2 = ∆3 = 0, Ω2 = Ω3 = Ω,
W12 = −
√
Ω22 +Ω
2
3, and γ1 ≫ γ2, γ3. As discussed in
the previous section, population trapping may occur in
the degenerate states |1〉 and |−〉 due to decay-induced
interference. For γ1 ≫ γ2, the dressed state |−〉 decays
slowly relative to the excited atomic state |1〉. Thus, the
population will get accumulated mainly in the state |−〉
resulting in a large population difference between the |−〉
and |+〉 states.
In Fig. 8, we show the real and imaginary parts (solid
curves) of the coherence ρ23 as a function of the detuning
∆2 in the presence (γ12 6= 0) of interference term. For
comparison, the result (dashed curves) without quantum
interference (γ12 = 0) is also shown. These numerical
results are obtained by solving Eqs. (6)-(14) in steady
state with Ω1 = 0. From the graphs, it is seen that
the dispersion (real part of ρ23) has a peak at ∆2 = 0
and reaches the value of 0.3 for γ12 = 0.98
√
γ1γ2. The
effect of interference is found to reduce the absorption
(imaginary part of ρ23) at ∆2 = 0 in comparison with
that for γ12 = 0. Similar results can be obtained for
the coherence ρ34 of the lower atomic transition. In the
high field limit (Ω2,Ω3 ≫ γ1, γ2, γ3), the coherences ρ23
and ρ34 can be worked out analytically using the dressed-
state basis. Under the assumption that coherences vanish
between |+〉, |−〉 and |d〉 states, the real parts of ρ23 and
ρ34 are given by
Re(ρ23) = Re(ρ34) ≈ ρ−− − ρ++
2
√
2
. (27)
Here, ρ++ and ρ−− refer to the steady-state population
of the dressed states |+〉 and |−〉, respectively. From
Eq. (27), it is clear that a large population difference
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FIG. 8: Real and imaginary parts of the coherence ρ23 as a
function of the pump-field detuning ∆2 under the condition
∆2 + ∆3 = 0. The parameters are γ2 = 1, γ1 = 5, γ3 =
0.01, Ω2 = Ω3 = 30/
√
2, and W12 = −
√
Ω22 + Ω
2
3. The solid
(dashed) curves are for θ = 10◦ (θ = 90◦). The results for ρ34
(not shown) are identical to those of ρ23.
(ρ−− − ρ++ ≫ 0) of the dressed states gives rise to a
high refractive index (dispersion) for the pump fields. In
the steady-state condition, a long calculation for ρ++ and
ρ−− using Eqs. (26) leads to
Re(ρ23) = Re(ρ34)
=
√
2γ1
[2γ1(γ3 + 2)(4γ3 + 1) + (2γ3 + 1)(2γ3(γ3 + 2) + 1)]
,
(28)
where all the parameters have been scaled in units of
γ2. In deriving the result (28), we have assumed the
approximation γ12 ≈ √γ1γ2. The formula (28) accounts
well for the dispersion (solid curve) shown in Fig. 8(a)
at ∆2 = ∆3 = 0. Note that the result (28) at zero
detunings of the pump fields is independent of Ω which
we have confirmed from a direct numerical calculation of
ρ23 and ρ34 from Eqs. (6)-(14).
VI. CONCLUSIONS
In summary, we have investigated theoretically the ef-
fects of quantum interference in decay channels on the
pump-probe spectroscopy in Y-type atomic system. We
find that a gain doublet appears in the absorption spec-
trum instead of the usual absorption components. The
origin of gain features has been explained as due to the
population inversion along the probe transition. The in-
fluence of quantum interference on the dispersion charac-
teristics of the probe field is also investigated. It is shown
8that the slope of the probe dispersion can be changed
from positive to negative values in the transparent re-
gion between the gain doublet. This allows, in principle,
the probe pulse propagation to be switched from sub-
luminal to superluminal domain. Further, we have also
shown the possibility of refractive-index enhancement for
the pump fields via decay-induced interference.
It should be noted that the results predicted in this
work are based on interference effects in spontaneous
emission which require the existence of non-orthogonal
dipole moments of the atomic transitions. In practice, it
is difficult to meet this requirement in real atoms. Sev-
eral alternative schemes involving coherent- and dc-field-
induced splitting of atomic levels [40, 41], cavities with
preselected polarisation [42], and decay in anisotropic
vacuum [43] have been proposed to realize interference ef-
fects surpassing the requirement of non-orthogonal dipole
transitions. For a realistic example of the Y -type con-
figuration of energy levels, one can choose the hyper-
fine states of the rubidium atom. The hyperfine states
|5S1/2, F = 3〉 and |5P3/2, F ′ = 4〉 in the 85Rb atom may
be chosen as the states |4〉 and |3〉, respectively, whereas
the states |5D5/2, F ′′ = 3〉 and |5D5/2, F ′′ = 4〉 in the
atom could be the excited states |1〉 and |2〉 with small
energy separation [44]. Finally, we note that doppler
broadening and collisional dephasing are other dominant
mechanisms to suppress interference effects in sponta-
neous decay [45]. However, these motional effects of the
atoms can be avoided by using cold atomic ensemble as
in the experiment of Hau et al. [3].
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Appendix: Decay and transition rates of the dressed
states
The Γ of Eqs. (26) are given by
Γ1111 = −2γ1, Γ11++ = Γ11−− = Γ11dd = 0,
Γ111− = Γ
11
−1 = −γ12/2, (A.1)
Γ++11 = γ1, Γ
++
++ = −(γ2 + 3γ3)/4, Γ++dd = γ2/2,
Γ++−− = (γ2 + γ3)/4, Γ
++
1− = Γ
++
−1 = γ12/2, (A.2)
Γ−−11 = γ1, Γ
−−
−− = −(γ2 + 3γ3)/4, Γ−−dd = γ2/2,
Γ−−++ = (γ2 + γ3)/4, Γ
−−
1− = Γ
−−
−1 = 0, (A.3)
Γdd11 = Γ
dd
1− = Γ
dd
−1 = 0, Γ
dd
dd = −γ2,
Γdd++ = Γ
dd
−− = γ3/2, (A.4)
Γ1−11 = Γ
1−
−− = −γ12/2, Γ1−++ = Γ1−dd = Γ1−−1 = 0,
Γ1−1− = −(4γ1 + γ2 + 2γ3)/4. (A.5)
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